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RESEARCH  ARTICLE 

Development  of  a  model  for  nerve  agent  inhalation  in  conscious  rats 

Benjamin  Wong,  Michael  W.  Perkins,  Mariton  D.  Santos,  Ashley  M.  Rodriguez,  Gleeson  Murphy,  and  Alfred  M.  Sciuto 

Medical/Analytical  Toxicology,  US  Army  Medical  Research  Institute  of  Chemical  Defense,  MD,  USA 


Abstract 

This  study  characterizes  the  development  of  a  head-out  inhalation  exposure  system  for 
assessing  respiratory  toxicity  of  vaporized  chemical  agents  in  untreated,  non-anesthetized  rats. 
The  organophosphate  diisopropyl  fluorophosphate  (DFP)  induces  classical  cholinergic  toxicity 
following  inhalation  exposure  and  was  utilized  to  validate  the  effectiveness  of  this  newly 
designed  inhalation  exposure  system.  A  saturator  cell  apparatus  was  used  to  generate  DFP 
vapor  at  9750,  10  950,  12  200,  14  625  and  19  500  mg  x  min/m3  which  was  carried  by  filtered 
nitrogen  into  a  glass  mixing  tube,  where  it  combined  with  ambient  air  before  being  introduced 
to  the  custom-made  glass  exposure  chamber.  Male  Sprague-Dawley  rats  (250-300 g)  were 
restrained  in  individual  head-out  plethysmography  chambers,  which  acquired  respiratory 
parameters  before,  during  and  after  agent  exposure.  All  animals  were  acclimated  to  the 
exposure  system  prior  to  exposure  to  reduce  novel  environment-induced  stress.  The  LCtS0,  as 
determined  by  probit  analysis,  was  1 2  01 4  mg  x  min/m3.  Weight  loss  in  exposed  animals  was 
dose-dependent  and  ranged  from  8  to  28%  of  their  body  weight  24  h  after  exposure.  Increased 
salivation,  lacrimation,  urination,  defecation  (SLUD)  and  mild  muscular  fasciculation  were 
observed  in  all  DFP-exposed  animals  during  and  immediately  following  exposure.  In  ail 
exposed  animals,  DFP  vapor  produced  significant  inhibition  of  acetylcholinesterase  (AChE) 
activity  in  cardiac  blood,  bronchoalveolar  lavage  fluid  (BALF),  whole  brain  and  lung  tissue  as 
well  as  alterations  in  tidal  volume  and  minute  volume.  These  studies  have  provided  valuable 
information  leading  to  the  initiation  of  studies  evaluating  inhalational  toxicity  and  treatments 
following  exposure  to  the  more  lethal  and  potent  chemical  warfare  nerve  agents. 
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Introduction 

Chemical  exposure  is  an  inevitability  faced  by  military  and 
civilian  populations  alike.  History  has  shown  that  whether 
through  accidents,  natural  disasters,  acts  of  terrorism,  or 
warfare,  human  populations  have  been  threatened  by  and 
exposed  to  chemical  warfare  agents,  toxic  industrial  chem¬ 
icals  (TICs)  and  toxic  industrial  materials  (TIMs).  These 
incidents  include  multiple  uses  of  sulfur  mustard  in  the 
twentieth  century  (Abbas,  1984;  Feakes,  2003;  Maynard  & 
Chilcott,  2009),  the  1984  leak  of  methyl  isocyanate  gas  in 
Bhopal  (Broughton,  2005;  Eckerman,  2005)  and  the  1995 
release  of  sarin  on  the  Tokyo  subway  (Smithson  et  al.,  2000) 
and  demonstrate  the  central  importance  of  sufficient  prepar¬ 
ation  and  countermeasure  strategies  in  effectively  treating  and 
reducing  casualties.  Although  what  constitutes  sufficient 
preparation  and  countermeasure  strategies  may  be  partially 
open  to  interpretation,  that  body  of  knowledge  must  contain 
toxicological  models  capable  of  accurately  describing  the 
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onset  of  toxicity  and  progression  of  symptoms.  Both  of  these 
are  widely  known  to  be  affected  by  a  multitude  of  factors,  but 
of  particular  importance  is  the  nature  of  the  chemical  agent, 
the  route  of  exposure  and  population  characteristics  (Anzueto 
et  al.,  1986;  Benton  et  al.,  2006;  Fawcett  et  al.,  2009;  Franz  & 
Hilaski,  1990;  Kirby,  2005;  Mioduszewski  et  al.,  2002b; 
Niven  &  Roop,  2004;  Rickett  et  al.,  1986). 

Acetylcholinesterase  (AChE)  inhibitors  are  part  of  a  broad 
range  of  compounds  consisting  of  organophosphate  pesticides 
and  traditional  chemical  warfare  nerve  agents  (CWNAs)  such 
as  sarin  or  soman.  Exposure  to  AChE  inhibitors  results  in 
accumulation  of  the  neurotransmitter  acetylcholine  (ACh)  in 
central  and  peripheral  nervous  tissue,  leading  to  various  toxic 
signs  including  hypersecretions,  respiratory  depression, 
severe  seizures,  and  mortality  (Bajgar,  2004;  Rickett  et  al., 
1986;  Sidell  &  Borak,  1992).  The  literature  describing 
existing  toxicological  models  of  chemical  exposure  is 
predominantly  based  on  subcutaneous,  intramuscular,  or 
intravenous  exposure.  However,  historical  examples  as  listed 
previously,  as  well  as  expert  opinion  (Dunn  &  Sidell,  1989; 
Niven  &  Roop,  2004;  Sided  et  al.,  1997),  indicate  that 
inhalation  is  the  most  likely  route  of  exposure  in  a  chemical 
incident.  In  addition,  the  at-risk  population  will  be  unanesthe¬ 
tized  and  will  consist  of  individuals  of  both  genders  and  of  ad 
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Abbreviations 

AChE,  Acetylcholinesterase 
ATCH,  Acetylthiocholine  iodide 
BAL,  Bronchoalveolar  lavage 
BTCH,  Butyrylthiocholine  iodide 
CEE,  Calculated  exposure  equivalent 
CWNA,  Chemical  warfare  nerve  agent 
DFP,  Diisopropyl  fluorophosphates 
DTP,  4.4'-dithidiopyridine 
ET,  Expiratory  time 
GD,  Soman 
im,  Intramuscular 
ip,  Intraperitoneal 
IT,  Inspiratory  time 

LQ50,  Lethal  concentration  for  50%  of  the  population  multiplied 
by  exposure  time 
MV,  Minute  volume 
OP,  Organophosphate 
PBS,  Phosphate  buffered  saline 
sc,  Subcutaneous 

SLUD,  salivation,  lacrimation,  urination,  defecation 

SLPM,  standard  liters  per  minute 

TIC,  Toxic  industrial  chemical 

TIM,  Toxic  industrial  material 

TV,  Tidal  volume 


ages.  In  the  United  States  alone,  the  young,  healthy  male  is 
estimated  to  constitute  only  11%  (Flegal  et  al.,  2010;  U.S. 
Census  Bureau,  2010)  of  the  population.  Based  on  these 
assessments,  a  realistic  and  applicable  model  for  chemical 
exposure  should  include  the  inhalation  exposure  of  conscious 
subjects  and  be  capable  of  describing  the  toxicokinetics  and 
toxicodynamics  of  a  vapor  and/or  aerosol  exposure  in  a 
representative  population. 

The  most  common  inhalation  toxicology  exposure  models 
are  whole-body,  head-only,  nose-only,  lung-only  and  partial 
lung  (Anthony  et  al.,  2004;  Dabisch  et  al.,  2008;  Mioduszewski 
et  al.,  2002a;  Muse  et  al.,  2006),  each  with  distinct  utility.  This 
study  developed  a  head-out,  vapor-generating  inhalation 
exposure  system  for  conscious  Sprague-Dawley  rats,  since 
the  primary  advantage  of  a  head-only  inhalation  exposure 
model  is  the  ability  to  perform  repeated  and  brief  exposures 
while  limiting  pathways  of  agent  entry  into  the  animal  (Phalen, 
1976).  This  study  also  aimed  to  provide  more  realistic  exposure 


results  by  utilizing  untreated  and  non-anesthetized  animals. 
Mortality,  clinical  observations,  body  weight  loss,  AChE 
inhibition  and  real-time  pulmonary  dynamics  were  used  to 
demonstrate  inhalation  toxicity  of  the  organophosphate 
diisopropyl  fluorophosphate  (DFP),  which  is  structurally 
similar  to  CWNAs  but  is  less  toxic  (Gupta  et  al.,  1985).  This 
work  describes  a  more  realistic  and  relevant  CWNA  inhalation 
model  that  will  assist  in  developing  and  evaluating  therapeutic 
countermeasure  strategies,  as  well  as  provide  a  reliable  method 
by  which  other  chemical  threat  agents,  TICs  and  TIMs  may  be 
examined  as  inhalational  threats. 

Materials  and  methods 
Chemicals 

Diisopropyl  fluorophosphate  (DFP,  CAS#  55-91-4,  >97% 
pure),  heparin,  acetylthiocholine  iodide  (ATCH),  4,4'-dithi- 
diopyridine  (DTP)  were  obtained  from  Sigma-Aldrich  (St. 
Louis,  MO).  Saline  solution  and  bicinchonic  acid  (BCA) 
protein  assay  kits  were  purchased  from  Pierce  Chemical  Co. 
(Rockford,  IL).  Exposure  to  DFP  was  performed  in  an 
approved  fume  hood  with  the  appropriate  personal  protective 
equipment  for  the  handling  of  CWNAs.  At  the  end  of  all 
vapor  exposures  and  prior  to  disposal,  any  remaining  DFP  and 
materials  contaminated  with  DFP  were  decontaminated  using 
a  10%  sodium  hydroxide  solution. 

Exposure  system  configuration 

This  study  utilized  a  custom-built  exposure  system  consisting 
of  two  head-out  animal  restraint  units  with  integrated 
plethysmography  transducers.  These  were  attached  to  a 
larger,  main  exposure  chamber  (Figures  1-4).  The  airflow 
control  system  consisted  of  an  industrial  automation  control¬ 
ler  (0154,  Brooks  Instruments,  Hatfield,  PA)  and  0-30  SLPM 
and  0-15  SLPM  flow  controllers  (SLA5850,  Brooks 
Instruments)  to  control  exhaust  flow  from  the  system  and 
nitrogen  flow  to  the  saturator  cell,  respectively.  Agent  vapor 
was  generated  from  a  saturator  cell  which  was  fed  from  a 
mass  flow  controller  that  regulated  flow  (0-5  SLPM)  from 
the  nitrogen  source  through  the  saturator  cell.  After  exiting 
the  saturator  cell,  the  agent  vapor  entered  the  main  exposure 
chamber,  in  which  airflow  was  determined  by  the  exhaust 
flow,  set  at  7.5  SLPM.  Each  of  the  head-out  restraint/ 
plethysmography  units  attached  to  the  exposure  chamber  was 
used  to  monitor  animal  pulmonary  function  (Muse  et  al., 


Figure  1 .  Configuration  of  head-out  vapor 
exposure  system. 
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Figure  2.  DFP  vapor-generating  saturator 

cell. 
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Figure  3.  Vapor  inhalation  exposure  chamber.  Air  flows  from  top  to 
bottom  and  is  exhausted  to  decontamination  from  the  bottom.  Airflow 
direction  is  indicated  by  the  large  arrows,  and  the  total  volume  of  the 
exposure  chamber  and  mixing  tube  was  approximately  1 1  L. 

2006).  Agent  vapor  exiting  the  exposure  chamber  was 
decontaminated  in  a  2.5%  sodium  hypochlorite  solution  and 
passed  through  an  activated  charcoal  filter  before  being 
vented. 

Saturator  cell  agent  generation 

The  saturated  agent  vapor  streams  were  generated  by  flowing 
nitrogen  carrier  gas  through  a  glass,  multipass  vessel 
containing  liquid  agent  (Figure  2).  The  saturator  cell 
(Glassblowers.com  Inc.,  Turnersville,  Nl)  consisted  of  a 
100  mm  long,  25  mm  OD  cylindrical  glass  tube  with  two 
vertical  7  mm  OD  tubes  connected  at  either  end.  Contact  area 
between  the  agent  and  carrier  gas  was  increased  by  the 
placement  of  a  hollow  ceramic  cylinder  (Alundum-fused 
alumina  [AI2O3  >90%]  Saint-Gobain  Ceramics  &  Plastics 
Inc.,  Worchester,  MA)  within  the  main  body  of  the  saturator 
cell  such  that  carrier  gas  was  required  to  make  two  passes 
along  the  surface  of  the  wetted  ceramic  cylinder  before 
exiting. 


The  saturator  cell  was  filled  with  0.5-1  mL  of  neat  liquid 
DFP  (98%  pure)  before  introduction  of  the  nitrogen  carrier 
gas  at  a  low  flow  rate  (1-2  SLPM).  This  combination  of  agent 
volume  and  gas  flow  rate  generated  saturated  vapor  for 
approximately  3-4  exposures  of  20  min  each. 


The  exposure  chamber  (Glassblowers.com  Inc.,  Turnersville, 
NJ)  was  a  large  cylindrical  unit  constructed  of  glass 
(Figure  3).  The  concentrated  agent  stream  generated  in  the 
saturator  cell  entered  at  the  top  of  the  main  exposure  chamber 
through  a  glass  mixing  tube  (Glassblowers.com  Inc.).  Four 
small  holes  placed  at  the  end  nearest  the  vapor  stream  allowed 
entry  of  ambient  air  to  dilute  the  concentrated  agent  vapor. 
Mixing  throughout  the  exposure  chamber  was  assisted  by  the 
placement  of  a  perforated  diffuser  plate  between  the  vapor 
entry  and  restraint  chamber  attachment  ports,  which  were 
located  near  the  bottom  of  the  chamber  and  into  which  the 
animal  restraint  units  were  inserted.  The  total  volume  of  the 
exposure  chamber  and  mixing  tube  was  approximately  1 1  L. 


Head-out  animal  restraint  chambers  equipped  with 
plethysmography  units 

A  single  plethysmography  unit  (600-2100-001,  Data  Sciences 
International,  St.  Paul,  MN)  consisted  of  two  cylindrical  clear 
plastic  halves  with  a  cross-sectional  diameter  of  10  cm  and 
total  length  of  32  cm  (Figure  4).  The  front  half  restrained  the 
rodent  in  a  head-out  fashion  using  polyurethane  neck  seals 
and  a  removable,  adjustable  polymer  push  rod  squeeze-plate 
mechanism.  The  rear  half  was  fitted  with  a  pressure 
transducer  (DP45  ±  2.25  cm  H20,  Validyne,  Northridge, 
CA)  used  to  measure  various  parameters  of  pulmonary 
function,  as  described  below.  Each  Validyne  pressure  trans¬ 
ducer  (one  per  chamber)  was  secured  to  a  ring  stand  and 
clamp.  The  two  halves  were  held  together  by  clamping  locks, 
and  the  combined  unit  was  joined  to  the  exposure  chamber. 

Age-matched,  conscious,  restrained  Sprague-Dawley  rats 
were  placed  into  the  chambers  such  that  their  heads  protruded 
through  a  hole  in  the  pre-cut  polyurethane  neck  collar 
(D  =  2cm),  fitted  to  ensure  an  airtight  seal  and  simultan¬ 
eously  preventing  escape  from  the  chamber  through  the  neck 
collar.  Rats  were  secured  within  the  chamber  using  the  push 
rod  squeeze-plate  mechanism,  with  their  tails  threaded 
through  one  of  the  openings  in  the  plate.  The  two  halves  of 
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Figure  4.  Head-out  animal  restraint  chamber 
with  plethysmography  unit. 
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the  chamber  were  then  sealed  together  using  the  latching 
mechanisms  on  the  rear  half  of  the  head-out  chamber 
assembly. 

Changes  in  chamber  pressure,  caused  by  chest  movement 
experienced  during  breathing  while  inside  the  plethysmogra¬ 
phy  chamber,  were  detected  by  the  pressure  transducer  and 
used  to  monitor  various  parameters  of  respiratory  function. 
The  respiratory  dynamics  parameters  that  were  measured 
were  peak  inspiratory  flow  (PIF)  and  peak  expiratory  flow 
(PEF;  the  maximum  inspiratory  and  maximum  expiratory 
flow  rates  occurring  in  one  breath),  inspiratory  (IT)  and 
expiratory  (ET)  time  (the  time  spent  inhaling  and  exhaling 
during  each  breath),  tidal  volume  (TV;  the  volume  of  air 
inspired  in  a  single  breath)  and  minute  volume  (MV;  the 
product  of  tidal  volume  and  respiratory  rate  calculated  on  a 
breath-by-breath  basis).  All  respiratory  data  were  collected  by 
the  7700  Platform  and  Ponemah  Performance  Analysis 
software  (data  acquisition  hardware:  ACQ7700XE,  software: 
Ponemah  v.4.9.  Data  Sciences  International,  Valley  View, 
OH).  Immediately  before  exposure,  all  rats’  respiratory 
parameters  were  allowed  to  stabilize  during  a  pre-exposure 
chamber  acclimation  period  of  1 0  min.  Respiratory  parameter 
readings  were  then  recorded  for  each  animal  before  exposure 
(10  min),  during  exposure  (20  min),  and  during  off-gassing 
(10  min).  Data  were  continuously  analyzed  in  real  time  during 
baseline,  exposure  and  off-gassing  with  data  collection 
occurring  at  15  s  intervals.  The  system  analysis  and  acquisi¬ 
tion  software  utilized  a  rejection  index  to  exclude  statistical 
inaccuracies  and  external  noise. 

Exposure  dose  assessment 

The  determination  of  exposure  dose  was  performed  by 
correlating  agent  use  with  experimental  time.  For  our 
system,  mDFP,  the  mass  of  agent  consumed  during  an 
experiment  was: 

mDFP  =  Fe  x  Ce  x  t 

where  Fe  is  the  flow  rate  of  carrier  gas  exiting  the  saturator 
cell,  Ce  is  the  concentration  of  DFP  in  the  saturated  exit 
stream,  and  t  is  the  total  time  during  the  experiment  when 


carrier  gas  is  passed  through  the  cell.  In  this  experiment,  Fe 
was  the  only  controlled  variable,  with  experimental  time  set  at 
f  =  20  min  and  Ce,  determined  by  the  temperature  of  the 
saturator  cell,  set  at  T  =  22.5  °C.  Further  details  can  be  found 
in  Appendix  B.  At  each  of  the  five  Fes  corresponding  to  the 
five  doses  selected  for  this  experiment,  the  calculated  mass  of 
agent  to  be  used  was  placed  in  the  saturator  cell.  Across 
multiple  exposures  using  different  flow  rates,  all  agents  added 
to  the  saturator  cell  were  vaporized  within  the  allotted  time. 
This  result  was  confirmed  by  adding  excess  agent  and 
determining  the  mass  difference  in  the  saturator  cell  before 
and  after  exposure. 


Calculated  exposure  equivalent 


We  define  the  calculated  exposure  equivalent  (CEE)  as  a  ratio 
of  the  mass  of  delivered  agent  to  the  body  mass  at  exposure. 
The  CEE  represents  the  time-dependent  amount  of  agent 
delivered  to  an  animal  over  the  course  of  an  inhalation 
exposure  expressed  in  mg  of  agent  per  kg  of  body  weight  (mg / 
kg),  the  same  units  used  to  describe  an  instantaneous  exposure 
administered  through  intravenous  (iv),  intraperitoneal  (ip),  or 
subcutaneous  (sc)  routes.  The  CEE  is  also  analogous  to  a 
delivered  dose  in  inhalation  drug  administration  and  is 
similarly  derived  and  calculated  (Alexander  et  al.,  2008). 

In  brief,  the  amount  of  agent  delivered  to  an  animal  (mAg, 
mg)  can  be  calculated  from  the  respiratory  minute  volume 
(MV,  mL/min),  concentration  of  agent  inside  the  exposure 
chamber  ( CEXp ,  mg/m3),  the  time  of  exposure  {tEXp,  min)  and 
the  inhaled  fraction  of  agent  ( IFA ).  Unlike  an  aerosol  exposure 
in  which  deposition  in  the  lungs  is  based  on  particle  size,  the 
dispersed  nature  of  the  agent  in  a  vapor  exposure  allows  for 
the  assumption  that  the  agent  is  sufficiently  well-distributed 
such  that  the  inhaled  fraction  is  100%  ( IFA=  1)  at  all  times. 
Normalizing  for  body  weight  ( m ,  kg)  yields  the  time- 
dependent  expression  of  CEE  as  determined  by  dimensional 
analysis: 

tEXP 


CEE  = 


r  MV(t)  x  CEXpjt)  X  IFA(t)  df 

J  m(t) 
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A  simplified  expression  for  the  CEE  can  be  determined  if 
MV  and  CEXp  are  sufficiently  weak  functions  of  time  and  is 
expressed  as  follows: 

_  MV  x  Cexp  x  tExp 
m 

Animal  experimentation 

A  total  of  36  (6  naive  control  rats  and  6  rats  for  each  of  the  5 
DFP  doses)  male  Sprague-Dawley  rats  (250-350  g,  Charles 
River  Laboratories,  Wilmington,  MA)  were  used  for  this 
study.  Animals  were  housed  individually  under  standard 
conditions  with  a  12  h  light/dark  cycle  and  food  and  water 
available  ad  libitum.  Rats  were  quarantined  for  1  week  upon 
arrival  on-site  and  acclimated  to  the  restraint  chamber  and 
exposure  system  for  a  total  of  7  days  for  5-30  min  each  day  to 
reduce  novel  environment-induced  stress.  Animals  that  failed 
to  successfully  acclimate  to  the  exposure  system  after  the 
7-day  training  session  were  removed  from  the  study. 

For  exposures,  each  animal  was  placed  in  a  restraint 
chamber,  and  the  chamber  inserted  into  the  main  exposure 
unit.  Following  a  10-min  adjustment  period  and  collection  of 
baseline  pulmonary  dynamics,  exposure  to  DFP  vapor  was 
initiated.  Animals  remained  conscious  throughout  the  20-min 
exposure  and  remained  within  the  inserted  restraint  chamber 
following  the  end  of  the  vapor  exposure  for  an  additional  10- 
min  off-gassing  period.  Respiratory  parameters  were  recorded 
during  each  of  these  time  intervals.  At  the  conclusion  of  the 
off-gassing  period,  surviving  animals  were  returned  to  their 
cages  and  observed  for  24  h.  At  24  h  post-exposure,  animals 
were  returned  to  the  restraint  chambers  for  10  min  to  record 
respiratory  parameters  and  then  anesthetized  using  an  im 
injection  of  ketamine  (90  mg/kg)  in  combination  with 
xylazine  (10  mg/kg).  The  thoracic  cavity  was  opened  and 
exsanguination  performed  via  cardiac  puncture.  Tissues 
(blood,  whole  brain,  and  lung)  and  bronchoalveolar  lavage 
fluid  (BALF)  were  collected  for  analysis. 

All  research  was  conducted  in  compliance  with  the  Animal 
Welfare  Act  and  other  federal  statutes  and  regulations  relating 
to  animals  and  experiments  involving  animals.  It  adhered  to 
principles  stated  in  the  Guide  for  the  Care  and  Use  of 
Laboratory  Animals,  National  Research  Council,  published  by 
the  National  Academy  Press,  1996,  and  the  Animal  Welfare 
Act  of  1966,  as  amended.  The  study  protocol  was  approved  by 
the  Institutional  Animal  Care  and  Use  Committee,  United 
States  Army  Medical  Research  Institute  of  Chemical  Defense 
(USAMRICD),  Aberdeen  Proving  Ground,  MD. 

Clinical/observational  signs  and  body  weight  loss 

All  animals  were  monitored  for  clinical  signs  during  (15  min) 
and  directly  after  (within  the  first  hour)  DFP  inhalation 
exposure.  Clinical  signs  including  salivation,  lacrimation, 
urination,  defecation  (SLUD)  percentage  weight  loss,  facial 
clonus,  and  convulsions  were  monitored  and  recorded  for 
each  animal.  All  surviving  animals  were  evaluated  post¬ 
exposure  for  their  appearance,  general  movement,  natural 
behavior  and  provoked  response.  Animals  were  weighed 
immediately  prior  to  agent  exposure  and  then  again  before 
euthanasia  (at  the  24  h  endpoint,  before  administration  of 
anesthesia)  to  calculate  the  percentage  body  weight  loss. 


Animals  surviving  to  24  h  after  vapor  exposure  were 
anesthetized  intramuscularly  with  ketamine  (90  mg/kg)  and 
xylazine  (10  mg/kg).  The  thoracic  cavity  was  opened  and 
exsanguination  performed  by  cardiac  puncture.  BAL  was 
obtained  by  lavaging  the  lungs  3  times  with  3  ml  of  oxygen- 
free  saline.  BAL  cells  (BALC)  were  separated  from  BAL 
fluid  (BALF)  by  centrifugation  at  2000  rpm  for  10  min  using  a 
Sorvall  table  top  centrifuge.  The  average  volume  of  BAL 
recovered  was  2.0  ml. 


AChE  activity  of  the  blood  and  BALF  were  determined  using 
the  Walter  Reed  Army  Institute  of  Research  (WRAIR) 
cholinesterase  assay  (Ellman  et  al.,  1961;  Haigh  et  al., 
2008).  Sample  aliquots  of  10  pL,  diluted  9-fold  in  distilled 
water  for  blood  samples,  were  placed  in  a  96-well  microtiter 
plate.  An  additional  290  p.L  of  working  solution  consisting  of 
50  mM  sodium  phosphate  buffer  (pH  8.0),  1  mM  acetylthio- 
choline  iodide  (ATC)  and  0.2  mM  of  the  chromophore  4,4'- 
dithidiopyridine  (DTP)  were  added  to  yield  a  final  volume  of 
300  pL  in  each  well.  All  samples  were  thoroughly  mixed  for 
60  seconds,  and  10-min  kinetic  assays  (30-second  intervals 
including  3  seconds  of  shaking)  were  performed  at  324  nm. 
All  spectrophotometric  readings  were  taken  on  a  microtiter 
plate  reader  at  25  °C  using  Spectra  Max  and  Softmax  Plus  4.3 
LS  software  (Molecular  Devices,  Sunnyvale,  CA).  Blood 
AChE  activity  was  determined  by  the  average  activities  (run 
in  triplicate)  of  all  of  the  fractions.  BALF  AChE  activity  was 
normalized  to  the  protein  concentration  (as  described  below 
in  Protein  analysis ),  and  all  AChE  activity  was  expressed  as  a 
percentage  of  the  untreated  control. 


Animals  surviving  24  h  after  exposure  were  anesthetized  and 
euthanized  as  previously  described.  Following  collection  of 
BALF,  the  left  lung  lobe  was  removed,  immediately  frozen  in 
liquid  nitrogen  and  stored  at  —  80  °C.  Animals  were  then 
decapitated,  and  brains  were  collected,  frozen  in  liquid 
nitrogen  and  stored  at  —  80  °C.  The  left  lung  lobes  and 
whole  brains  were  homogenized  at  a  1:7  ratio  of  tissue  protein 
extraction  reagent:  buffer  volume  while  on  ice  using  6-10 
short  bursts  from  an  Omni  Prep  multi-sample  homogenizer. 
Homogenates  were  centrifuged  at  4°C  for  10  min  at 
14  800  rpm  using  a  Fisher  Scientific  accuSpin  micro  17R 
microcentrifuge.  The  supernatant  was  decanted  and  immedi¬ 
ately  stored  at  —  80  °C.  until  subsequent  analysis.  AChE 
activity  was  normalized  to  the  protein  concentration  and 
determined  as  described  above. 


Protein  levels  in  the  BALF,  lung  and  whole  brain  homogen¬ 
ates  were  determined  by  a  BCA  protein  assay  (Pierce 
Chemical  Company,  Rockford,  IL).  Twenty  microliters  of 
BALF,  lung  and  whole  brain  tissue  homogenates  were  directly 
used  to  determine  protein  concentrations  using  a  Spectramax 
Plus  microplate  reader  and  Softmax  Plus  4.3  LS  software. 

RIGHTS  L  I  M  Kijr 


Blood  and  BALF  AChE  activity  assay 


Lung/whole  brain  collection  and  AChE  activity  assay 


Protein  analysis 


Toxicology  Mechanisms  and  Methods  Downloaded  from  informahealthcare.com  by  Wood  Technical  on  09/1 1/13 

For  personal  use  only. 


542  B.  Wong  et  al.  Toxicol  Mech  Methods,  2013;  23(7):  537-547 


Table  1.  Clinical/behavioral  comparison  of  control-  and  DFP  vapor-exposed  animals. 


Parameter 

DFP  exposure  dose  [mg  x  min/m3] 

Control 

9750 

10950 

12200 

14625 

19500 

Survival 

6/6 

6/6 

3/6 

3/6 

1/6 

0/6 

Weight  loss  (%)“ 

-0.5  ±0.4 

8.2  ±  1.3b 

1 1.0±  0.7b 

10.1  ±  1.2b 

28.1  ±N/A 

N/A 

Salivation 

None 

Minor  changes 

Significant  increases 

Prominent 

Prominent 

Prominent 

Lacrimation 

None 

Minor  changes 

Significant  increases 

Significant  increases 

Significant  increases 

Prominent 

Defecation/Urination 

Normal 

Normal 

Significant  increases 

Significant  increases 

Prominent 

Prominent 

Convulsions 

None 

Minor  changes 

Significant  increases 

Significant  increases 

Prominent 

Prominent 

Facial  clonus 

None 

Minor  changes 

Minor  changes 

Significant  increases 

Prominent 

Prominent 

Protrusion  of  the  eye 

None 

No 

Yes 

Yes 

Yes 

Yes 

Rearing  of  hind  legs 

None 

No 

No 

Yes 

Yes 

Yes 

Appearance3 

Normal 

Normal 

Lack  of  grooming 

Lack  of  grooming 

Lack  of  grooming 

None 

Movement3 

Normal 

Normal 

Incomplete  hind 

Incomplete  hind 

Incomplete  hind 

None 

limb  paralysis 

limb  paralysis 

limb  paralysis 

Natural  behavior3 

Normal 

Minor  changes 

Less  alert 

Less  alert 

Less  alert 

None 

Provoked  response3 

Normal 

Moderate  changes 

Very  weak 

Very  weak 

Very  weak 

None 

“Observations  taken  24 h  post-exposure;  bp<0.05. 


Data  analysis 

Statistical  analyses  of  differences  were  performed  using  the 
GraphPad  Prism  V5.04  software  (Graph  Pad  Software  Inc., 
San  Diego,  CA).  For  each  parameter  at  each  of  the  three  time 
points  (pre-exposure,  exposure,  and  24  h  post-exposure), 
1-way  ANOVA  tests  followed  by  Tukey’s  test  were  used  to 
calculate  the  p  values,  and  probability  (p)  values  less  than  or 
equal  to  0.05  were  considered  significant. 

Results 

Toxic  response  to  agent  exposure 

Vapor-induced  lethality  and  clinical  observations  following 
inhalation  exposure  to  DFP  are  summarized  in  Table  1. 
Animals  were  exposed  to  varying  concentrations  of  DFP  for 
20  min.  Data  were  successfully  collected  from  the  head-out 
plethysmography  chambers  before,  during  and  after  exposure 
to  DFP.  All  subjects  exposed  to  19  500  mg  x  min/m3  of  DFP 
died,  while  all  exposed  to  9750  mg  x  min/m3  survived. 
Survival  rates  at  24  h  after  exposure  to  10950,  12200,  and 
14  625  mg  x  min/m3  were  50%,  50%,  and  17%,  respectively. 
The  LCt50  as  determined  by  probit  analysis  was  12  014  mg 
x  min/m3  (Figure  5).  All  control  animals  showed  no  overt 
signs  of  toxicity. 

All  animals  exposed  to  DFP  lost  a  percentage  of  their  body 
weight  24  h  after  inhalation  exposure,  with  surviving  animals 
averaging  9.4%  body  weight  loss,  with  a  single  survivor 
exposed  to  a  high  dose  (14  625  mg  x  min/m3)  suffering  a  28% 
loss.  Clinical  observations  recorded  during  and  directly  after 
(1  h)  DFP  exposure  showed  a  dose-dependent  increase  in  the 
clinical  observations  evaluated  in  this  study.  None  of  the 
recorded  clinical  or  behavior  observations  were  seen  in  any  of 
the  control  animals.  Initial  signs  of  intoxication  were 
chewing,  licking  and  increased  urination  and  defecation, 
followed  by  lacrimation.  Intoxication  immediately  advanced 
into  facial  clonus  and  copious  secretions  in  the  oral,  then 
nasal  cavities,  which  then  progressed  rapidly  into  gasping  for 
air  and  convulsions.  Rats  began  to  exhibit  signs  of  cholinergic 
intoxication  3-9  min  after  the  start  of  DFP  exposure. 


Figure  5.  Lethality  of  DFP  vapor  in  rats.  Determined  by  probit  analysis 
at  24 h  post-exposure,  with  N=6  for  each  dose  (Control/Air,  9750, 
10950,  12  200,  14625,  and  1 9  500  mg  x  min/m3  DFP). 


Animals  exposed  to  14  625  and  19  500  mg  x  min/m3  of 
DFP,  all  of  which  exhibited  prominent  convulsions,  died 
within  17-25  min.  All  DFP-exposed  animals  experienced 
muscular  fasciculation  to  varying  degrees,  with  animals 
exposed  to  12  200,  14625,  and  19  500  mg  x  min/m3  experi¬ 
encing  them  throughout  their  entire  body.  All  animals  that  did 
not  survive  the  duration  of  exposure  produced  copious 
salivation,  exhibited  convulsions  and  experienced  severe 
respiratory  distress,  as  observed  and  recorded  via 
plethysmography. 


Inhibition  of  AChE  activity  in  various  tissues  following 
inhalation  exposure  to  DFP 

The  inhibition  of  AChE  activity  in  the  blood,  BALF,  whole 
brain  and  lung  tissues  24  h  post-exposure  to  DFP  is  shown  in 
Figure  6.  At  24  h  after  exposure,  all  surviving  animals 
exposed  to  9750,  10950,  and  1 2  200  mg  x  min/m3  of  DFP 
exhibited  significant  {p<  0.05  for  each  when  compared  to 
control)  decreases  in  blood  AChE  activity.  The  single  animal 
that  survived  exposure  to  14  625  mg  x  min/m3  of  DFP 
exhibited  an  84.2%  inhibition  in  blood  AChE  activity  as 
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compared  to  the  control  (unexposed)  animal  group.  Similar 
inhibition  trends  were  observed  in  the  BALF,  brain  and  lung 
at  all  doses. 

Respiratory  dynamics  following  inhalation  exposure 
to  DFP 

Respiratory  parameters  (PIF,  PEF,  IT,  ET,  TV,  and  MV)  were 
measured  by  head-out  plethysmography  before,  during  and 
24  h  after  exposure  in  rats  exposed  to  controls  and  various 
concentrations  of  DFP  (Table  2).  There  was  a  significant 
decrease  in  PIF  {p<  0.05  for  each  group  when  compared  to 
control)  in  all  DFP-exposed  animals  during  the  20-min 
exposure  period.  PEF  decreased  during  exposure  for  all  DFP- 
exposed  animals,  with  significant  (p<  0.05  for  each  when 
compared  to  control)  decreases  in  animals  exposed  to  9750, 
12  200,  and  14625  mg  x  min/nr3  as  compared  to  controls. 
During  exposure,  IT  significantly  (p<  0.05  for  each  when 


CD 

Air 

[=□ 

9750 

10950 

12200 

14625 

Figure  6.  AChE  activity  at  24  h  post-exposure  to  vapor  DFP.  N=  3-6  for 
all  groups  except  14625,  for  which  N=  1.  (*p<0.05  for  each  when 
compared  to  control). 
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compared  to  control)  increased  in  animals  exposed  to  9750, 
10  950,  and  12  200  mg  x  min/m3  while  ET  significantly 
{p<  0.05  when  compared  to  control)  increased  in  animals 
exposed  to  9750  mg  x  min/mJ  24  h  post-exposure.  TV 
decreased  in  all  DFP-exposed  animals  during  the  exposure 
period  with  significant  (p  <0.05  when  compared  to  control) 
decreases  in  animals  exposed  to  1 2  200  mg  x  min/m3.  As 
shown  graphically  in  Figure  7,  animals  exposed  to  9750, 
10  950,  12  200,  and  14  625  mg  x  min/m3  DFP  had  significant 
ip  <  0.05  for  each  when  compared  to  control)  decreases  in 
MV  during  the  exposure  period.  No  significant  changes  in  any 
of  these  parameters  were  observed  in  control  animals 
throughout  the  24  h  study  period. 

Discussion 

Rationale 

This  exposure  model  was  designed  to  be  a  more  realistic 
representation  of  an  actual  exposure  scenario  in  terms  of 
exposure  route  and  modeling  of  an  at-risk  population  and  to 
also  generate  data  capable  of  bridging  the  gap  between 
models  based  on  different  routes  of  exposure.  The  first  step  in 
determining  the  equivalence  of  data  obtained  from  models 
utilizing  different  routes  of  exposure  is  a  unit  analysis  of  the 
obtained  values. 

In  an  actual  exposure  scenario,  affected  casualties  would 
come  into  contact  with  varying  concentrations  of  agent  for 
varying  periods  of  time.  Mathematically,  this  is  represented 
by  a  concentration-time  product  and  described  as  an  “expos¬ 
ure  dose”  in  this  model.  Given  in  units  of  mg  x  min/m3,  the 
exposure  dose  is  the  total  amount  of  agent  to  which  the 
casualty  is  exposed  but  is  not  the  toxicokinetically  relevant 
dose,  since  individual  differences  in  respiration  and  physi¬ 
ology  will  determine  the  amount  of  agent  that  is  inhaled  and 


Table  2.  Body  weight-normalized  respiratory  parameters  (as  %  of  pre-exposure  values). 


DFP  exposure  dose  [mg  x  min/m3] 


Parameter 

Time  point 

0  (Air) 

9750 

10950 

12200 

14625 

19500 

Peak  inspiratory  flow  (PIF) 

Pre-exposure 

Exposure 

24  h  Post 

100  ±9 

93  ±9 

108  ±7 

100  ±  12 

38  ±7* 

82  ±  17 

100  ±7 

49  ±7* 

1 1 8  ±  N.D. 

100  ±  16 

34  ±4* 

68  ±22 

100  ±12 

28  ±5* 

N.D.  ±  N.D. 

100  ±8 

54  ±  10* 
N.D.  ±  N.D. 

Peak  expiratory  flow  (PEF) 

Pre-exposure 

Exposure 

24  h  Post 

100  ±6 

90  ±6 

99  ±6 

100  ±  10 

50  ±9* 

56  ±11 

100  ±10 

68  ±11 

72  ±  N.D. 

100  ±  13 

50  ±7* 

41  ±16* 

100  ±8 

43  ±6* 

N.D.  ±  N.D. 

100  ±5 

70  ±  11 
N.D.  ±  N.D. 

Inspiratory  time  (IT) 

Pre-exposure 

Exposure 

24  h  Post 

100  ±7 

101  ±11 

82  ±8 

100  ±6 

158  ±  14* 
135  ±39 

100  ±20 

169  ±30* 

92  ±  N.D. 

100  ±9 

121  ±11* 
114  ±3 

100  ±18 

1 19  ±11 

N.D.  ±  N.D. 

100  ±8 

97  ±  13 
N.D.  ±  N.D. 

Expiratory  time  (ET) 

Pre-exposure 

Exposure 

24  h  Post 

100  ±4 

100  ±4 

125  ±12 

100  ±  12 

110  ±24 

239  ±57* 

100  ±16 

122  ±15 

154  ±  N.D. 

100  ±  13 

93  ±  18 

175  ±35 

100±  11 

88  ±  12 

N.D.  ±  N.D. 

100  ±9 

84  ±  15 
N.D.  ±  N.D. 

Tidal  volume  (TV) 

Pre-exposure 

Exposure 

24  h  Post 

100  ±3 

91  ±2 

89  ±3 

100  ±5 

70  ±12 

90  ±4 

100  ±10 

91  ±14 

85  ±  N.D. 

100  ±11 

59  ±7 

70  ±2 

100  ±5 

51  ±  7* 

N.D.  ±  N.D. 

100  ±  10 

70  ±  13 
N.D.  ±  N.D. 

Minute  volume  (MV) 

Pre-exposure 

Exposure 

24  h  Post 

100  ±6 

92  ±6 

102  ±6 

100  ±  10 

52  ±6* 

66  ±  10 

100  ±10 

58  ±6* 

83  ±  N.D. 

100  ±9 

54  ±2* 

64  ±9 

100  ±6 

47  ±7* 

N.D.  ±  N.D. 

100  ±6 

71  ±  9 
N.D.  ±  N.D. 

Pre-exposure  (IV  =  6),  exposure  (IV  =  6)  and  24  h  post-exposure  (N  =  3-6,  except  for  10950  for  which  JV=  1).  N.D.  =  not  determined.  (*p<0.05  when 
compared  to  0  (Air)  dose). 
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Table  3.  Calculated  exposure  equivalent  (CEE)  [mg/kg]. 


Exposure  dose  [mg  x  min/m3] 


Method 

9750 

10950 

12  200 

14625 

19  500 

CEE  (Average) 

6.77  ±0.82 

8.06  ±0.89 

7.08  ±0.29 

9.17  ±  1.27 

13.59  ±  1.67 

JCEE  (Exact) 

6.81  ±0.16 

8.26  ±0.33 

7.28  ±0.32 

8.99  ±0.36 

13.80  ±0.65 

2  c 


□ 


ra 


Air 

9750 

10950 

12200 

14625 

19500 


Time  Point 


Figure  7.  Minute  volume  (MV)  for  all  animals.  N=  3-6  for  all  groups 
except  14625,  for  which  N=  1.  (*p<0.05  for  each  when  compared  to 
control). 


consequently  absorbed  into  the  body.  Routes  of  exposure 
other  than  inhalation  may  offer  a  greater  degree  of  control 
over  the  toxicokinetically  relevant  dose,  but  at  the  expense  of 
increased  realism  in  the  model  for  an  exposure  scenario. 
However,  this  model  works  toward  bridging  the  gap  between 
these  experiments  by  using  the  CEE  as  a  method  of 
translating  an  exposure  dose  from  concentration-time  units 
to  a  mass  ratio. 

Based  on  the  previous  mathematical  basis  for  calculating 
CEE,  Table  3  compares  values  for  the  CEE  calculated  using 
the  exact  form  (f  CEE)  with  those  obtained  using  averages 
(CEE).  Despite  observing  time-dependent  behavior  in  both 
agent  concentration  in  the  chamber  and  MV,  experimental 
data  indicate  that  the  utilization  of  averages  is  sufficient  for 
determining  the  CEE.  As  the  effective  translation  of  the  C, 
into  units  of  an  administered  dose,  the  CEE  permits 
comparison  of  agent  doses  as  administered  using  different 
routes  of  exposure  and  allows  examination  of  how  exposure 
doses  relate  to  toxicokinetically  relevant  doses. 


General  observations 

This  study  presents  the  development  of  a  new  vapor 
inhalation  exposure  model  using  the  organophosphate  DFP, 
which  induces  classical  signs  of  organophosphate-induced 
toxicity,  including  neurotoxicity  and  alteration  in  respiratory 
dynamics.  The  induction  of  organophosphate-induced  toxicity 
by  this  model  suggests  that  it  will  be  suitable  for  evaluating 
inhalational  exposure  to  highly  toxic  CWNAs.  In  general, 
exposure  to  DFP  resulted  in  increases  in  mortality  corres¬ 
ponding  to  increases  in  dose.  The  LCt50  curve  was 
determined  by  probit  analysis  to  be  12  014  mg  x  min/m3. 
Control  animals  all  survived  and  showed  no  overt  signs  of 
toxicity.  DFP-exposed  animals  exhibited  a  dose-dependent 
increase  in  body  weight  loss,  an  indication  of  acute  toxicity, 
as  well  as  increases  in  severity  of  the  recorded  clinical 


observations  with  increases  in  DFP  dose.  The  cholinergic 
signs  of  DFP  intoxication  began  to  manifest  approximately  7 
to  10  min  after  the  start  of  DFP  exposure  with  chewing, 
licking  and  muscular  fasciculations.  Intoxication  progressed 
to  increased  SLUD,  and  animals  exposed  to  10950,  12  200, 

14  625,  and  19  500  mg  x  min/m3  DFP  developed  significant 
to  prominent  muscular  fasciculations  and  convulsions  as  well. 
Subcutaneous  injections  of  DFP  have  been  shown  to  also 
produce  the  typical  signs  of  cholinergic  intoxication,  albeit 
with  more  prominent  peripheral  effects  and  less  noticeable 
central  nervous  system  effects  (Gupta  et  al.,  1985;  Terry  et  al., 

2011).  The  cholinergic  signs  of  DFP  intoxication  in  this  study 
were  similar  to  those  described  for  CWNA  exposure,  but 
considerably  different  in  terms  of  the  severity  and  onset  of 
intoxication.  Differences  in  the  nonspecific  effects,  affinity  to 
central  and  peripheral  AChE,  variations  in  transport  rate  and 
degradation  and  metabolism  of  adequate  concentrations  to 
produce  central  nerve  effects  are  the  suggested  reasons  for  the 
observed  differences  between  DFP-induced  and  soman- 
induced  intoxication  (Gupta  et  al.,  1985).  Although  previous 
studies  have  observed  that  organophosphates  such  as  para- 
oxon  and  DFP  inhibit  AChE  at  a  slower  rate  in  comparison  to 
CWNAs  (Gupta  et  al.,  1985;  Wecker  et  al.,  1978),  the  use  of  a 
less-toxic  organophosphate  has  been  a  useful  tool  for  the 
development  of  this  inhalation  model.  This  study  will  be  used 
as  a  guideline  for  the  establishment  of  a  vapor-generating 
inhalation  exposure  model  to  evaluate  CWNA-induced 
toxicity. 

Animals  exposed  to  DFP  showed  signs  of  acute  toxicity 
and  lung  injury  24  h  post-exposure  in  comparison  to  controls. 
Inhalation  exposure  to  DFP  resulted  in  inhibition  of  AChE 
activity  in  the  blood,  BALF,  whole  brain  and  lung  tissues,  and 
in  general,  at  any  given  DFP  dose,  the  inhibition  of  AChE  at 
24  h  post-exposure  was  greatest  in  the  blood,  followed  by  the 
lung,  the  BALF  and  then  the  brain.  Cardiac  blood  AChE 
activity  was  dose-dependently  inhibited  in  DFP-exposed 
animals,  and  AChE  activity  at  24  h  post-exposure  ranged 
from  15%  to  25%,  as  normalized  to  controls.  Inhibition  of 
BALF  AChE  activity  was  observed  in  all  DFP  animals,  with 
activity  at  24  h  ranging  from  40.0  ±3.9  to  43.2  ±8.0%.  The 
AChE  activity  in  lung  and  whole  brain  homogenates  also 
exhibited  dose-dependent  inhibition  in  all  DFP-exposed 
animals.  The  reduced  AChE  activities  recorded  in  the  cardiac 
blood  at  24  h  suggest  that  DFP  vapor  penetrates  the  blood 
stream  via  the  respiratory  tree.  Likewise,  the  inhibition  of 
whole  brain  AChE  activity  may  be  attributed  to  absorption  of 
DFP  through  the  bloodstream  or  delivery  from  the  nose 
directly  to  the  brain  through  the  olfactory  neuroepithelium. 

Further  studies  evaluating  multiple  agent  doses  and  histo¬ 
logical  and  biochemical  analyses  of  various  regions  of  the 
brain  would  be  required  to  fully  determine  the  effects  of  DFP 
on  the  brain.  The  observation  of  severe  convulsions  in 
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animals  exposed  to  14  625  and  19  500  mg  x  min/m3  of  DFP 
suggests  that  this  model  will  be  sufficient  to  serve  as  an 
additional  exposure  model  for  the  evaluation  of  organophos- 
phate-  and  CWNA-induced  neurotoxicity.  This  is  especially 
important  in  light  of  the  fact  that  the  majority  of  the  models 
designed  to  evaluate  CWNA  neurotoxicity  are  based  on 
subcutaneous  injections  (Atchison  et  ah,  2004;  Shih  et  al., 
1994,  2005),  and  that  any  alteration  in  the  route  of  exposure 
will  produce  differences  in  the  timeframe  governing  the  onset 
of  toxicity.  In  turn,  this  implies  the  potential  for  required 
alterations  in  treatment  strategies,  which  may  also  be  explored 
using  this  exposure  model. 

Previous  work  established  that  nerve  agent  intoxication 
affects  the  respiratory  system,  regardless  of  the  route  of 
administration  (Franz  &  Hilaski,  1990).  However,  the  precise 
nature  of  the  toxic  effects  of  organophosphates  and  CWNAs 
on  respiratory  physiology  and  function  following  inhalation 
exposure  is  not  well  understood.  In  particular,  the  separate 
contributions  of  the  peripheral  nervous  system  and  the  central 
nervous  center  in  CWNA-induced  respiratory  failure  have  not 
been  well  documented.  For  DFP,  higher  doses  produced  more 
significant  alterations  in  the  recorded  respiratory  parameters, 
and  similarly,  subcutaneous  paraoxon  exposure  has  been 
reported  to  also  result  in  significant  respiratory  disturbance  at 
higher  doses  (Villa  et  al.,  2007). 

All  respiratory  parameters  were  first  normalized  to  their 
pre-exposure  values  and  then  to  body  weight,  as  the  effect  of 
body  weight  on  respiratory  parameters  is  well-documented 
(Alexander  et  al.,  2008;  Bide  et  al.,  2000;  Guyton,  1947)  and 
is  partially  addressed  through  the  use  of  weight-matched  rats. 
Inhalation  exposure  to  DFP  simultaneously  produced 
decreases  in  some  respiratory  parameters  and  increases  in 
others  as  compared  to  control  animals.  On  average,  during 
exposure  to  DFP  at  all  doses,  PIF  was  reduced  by  approxi¬ 
mately  60%  and  PEF  by  40%,  and  TV  decreased  by  an 
average  of  30%  and  MV  by  40%.  Both  IT  and  ET  increased 
during  exposure.  A  previous  study  (Vijayaraghavan  et  al., 
1993)  examining  the  effects  of  sensory  irritants,  airway 
constrictors  and  pulmonary  irritants  concluded  that  the  type 
of  agent  could  be  characterized  by  patterns  of  changes  in 
respiratory  parameters.  Based  on  those  results,  the  changes  in 
respiratory  parameters  caused  by  inhalation  exposure  to  DFP 
are  most  similar  to  a  mixture  of  those  changes  caused  by 
airway  constrictors  and  pulmonary  irritants,  and  our  obser¬ 
vations  of  exposed  animals  do  not  contradict  these  findings. 
It  is  possible  that  increased  airway  secretions  during  and 
immediately  after  DFP  exposure,  in  conjunction  with  other 
effects  of  inhibited  AChE,  contribute  to  increased  lung 
resistance  (not  measured  in  this  experiment)  and  airway 
obstruction.  Of  note  is  that  at  all  exposure  doses,  the  reduction 
in  MV  during  exposure  is  still  present  at  the  24  h  endpoint 
(Figure  7). 

Summary 

This  study  describes  the  development  of  a  new  vapor 
inhalation  exposure  model  for  the  exposure  of  conscious, 
untreated  rats  to  chemical  agents.  The  organophosphate 
DFP  was  used  to  establish  the  induction  of  classical 
cholinergic  and  respiratory  toxicity  following  exposure  to 


AChE-inhibiting  compounds.  The  described  exposure  model 
is  a  flexible  system  and  can  be  appropriately  modified  to 
deliver  many  different  gases,  volatile  organics  or  mixtures 
thereof  to  more  than  two  animals  simultaneously.  Based  on 
the  aims  of  the  study,  this  model  has  the  potential  to 
accommodate  the  delivery  of  countermeasure  strategies 
before,  during  or  after  exposure.  Several  of  these  modifica¬ 
tions  to  the  platform  will  be  used  to  establish  and  evaluate 
cholinergic,  respiratory  and  neurological  toxicity  in  animals 
exposed  to  lethal  concentrations  of  more  potent  CWNAs  such 
as  soman  (GD).  An  improved  understanding  of  these  toxico¬ 
logical  responses  following  vapor  inhalational  exposure  to 
CWNA  will  then  be  utilized  to  evaluate  and  develop 
therapeutic  countermeasures  to  protect  military  and  civilian 
populations. 
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Appendices 

Appendix  A.  Agent  concentration  in  the  exposure 
chamber 


Variables 

m  =  Mass  of  agent  in  chamber  at  any  time 
t  =  Time 

V,  =  Volume  of  exposure  chamber 
C j  =  Agent  concentration  entering  chamber 
C,  =  Agent  concentration  inside  chamber 
Fi  =  Flow  rate  into  chamber 
F„  =  Flow  rate  out  of  chamber 
C  =  Concentration  of  agent 

Mass  balance  for  filling  the  exposure  chamber  during  time  interval  dt: 

Change  in  mass  =  mass  in  —  mass  out 
Change  in  mass  =  (volume  in)  (concentration  in) 

—  (volume  out)  (concentration  out) 

Change  in  mass  =  (flow  rate  in)(time  interval)(C,) 

—  (flow  rate  out)(time  interval)(C,) 

(Change  in  mass) /(time  interval)  =  (F,-)(Cj)  —  (F„)(C() 


In  the  limit  as  the  time  interval  approaches  zero: 


dm 

dT 


=  FjCj 


F„C, 


Given  m  =  C,V,  and  using  the  product  rule: 
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C, 


(3) 


dC,  _  F„  (F,C,  ^  \ 

df  V,  ^  F0  7 


Separating  and  integrating  C,  from  0  to  C: 


c  t 


(4) 

(5) 


0) 


(6) 


In 


(7) 


(8) 


F,C, 

Fo 


c|=^.-+ 

Fo 


(9) 


F)Ci  FjCj  _^t 

C  — - e  v> 

Fo  F0 


(10) 


Defining  the  steady-state  concentration,  Css ,  and  rate  constant,  k: 

FiCt 


Css  = 


Fo 


(ID 
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k  =  —  (12) 

The  agent  concentration  in  the  exposure  chamber  during  agent  filling, 
as  a  function  of  time,  is: 

C  =  Css(l  —  e~k')  (13) 

For  the  emptying  of  the  chamber,  the  mass  balance  is  identical  to  the 
filling,  except  that  Ft  =  0  during  this  phase.  Mass  balance  is: 

^  =  F,C,  -  FaC,  (14) 

at 


Again  using  m  =  CtVt  and  the  product  rule,  substituting  = 


d  (C,V,)  dV,  d  C, 

=  C, — 1  +  V,  — 1  =  F,  C,  -  F„  C, 

dr  dr  dr 

(15) 

d  C, 

v-nr=~F°c‘ 

(16) 

e-|B 

ii 

P 

(17) 

Separating  and  integrating,  with  C i  equal  to  C,  evaluated  at  time  ti, 
which  corresponds  to  the  length  of  the  exposure: 

Ci  t\ 

1 

1 

II 

II 

U 

1 

U 

J3 

(19) 

(20) 

C  = 

(21) 

With  k  =  —Fo/Vt,  and  Ci  =  Csx(l  —  e_tf)|f],  the  agent  concentra¬ 
tion  in  the  exposure  chamber  during  agent  venting,  as  a  function  of 
time,  is: 

C  = 

(22) 

Appendix  B.  Theoretical  agent  use  during  exposure 

Constants 

Pa,,„  =  [mmHg]  Atmospheric  pressure  at  experimental  altitude 
MWdfp  =  [g  moP1]  Molecular  weight,  DFP 
Pdfp  =  [g  cm3]  Density,  DFP 

R  =  [L  mmHg  K-1  moP1]  Ideal  gas  constant 
Tref  =  [K]  Standard  reference  temperature 
Pref  =  [psia]  Standard  reference  pressure 
P N2reg  =  [psig]  Nitrogen  tank  pressure 

Antoine  Equation  Parameters  for  DFP  (Redemann  et  al.,  1948) 
A  =  8.872 
B  =2671 
C  =273.15 


Nerve  agent  inhalation  in  conscious  rats  547 

Calculating  vapor  pressure  of  DFP  @  T  =  22.5  °C  using  the  Antoine 
Equation: 


PmmHg  =  103  ™ 

(1) 

With  PDFP  =  0.688  mmHg,  the  saturated  vapor 
saturator  cell  (equivalent,  concentration  of  DFP  in 
exposure  chamber),  C,-,  will  contain: 

stream  exiting  the 
the  stream  to  the 

lDFPL ax-  p  -  905 ppm 

‘atm 

(2) 

rr»z?Dl  _  \PFP\ppm]  ]  PatmMWoFP 

(3) 

[Ur  r  Jmax 

[DFP\m  ax  =  6873mgm-3 

(4) 

For  a  given  flow  rate  out  of  the  saturator  cell  (equivalently,  flow  rate 
into  the  exposure  chamber),  Ft  can  be  converted  from  SLPM  to  LPM  at 
experimental  conditions: 

T  Pref 

Fi[LPM}  ~  rp  X  D  X  Fi[SLPM ] 

'  ref  ‘  N2reg 

(5) 

Fulpm }  =  1.070  L  min-1 

(6) 

The  total  mass  or  volume  of  agent  used  in  an  exposure  can  therefore 
be  calculated  for  a  given  experimental  time,  f  =  20min,  yielding: 

iudfp  =  Fj  X  Ci  X  t  =  147  mg  (7) 


Vdfp  =  PPNl  —  0.139mL  (8) 

Pdfp 


Appendix  C.  Exposure  Chamber  Behavior 

Within  the  chamber,  the  time  required  to  reach  95%  or  99%  of  the 
steady  state  concentration  of  DPF,  Css ,  can  be  determined  at 
experimental  conditions.  Using  Equations  (11),  (12),  and  (13)  from 
Appendix  A: 

C  =  Cxs(l  -  e_4f)  (1) 


1 


(2) 


t  = 


(3) 


Thus,  the  required  time  is  a  function  of  the  chamber  exit  flow,  Fa.  For 
our  conditions: 


f95%  =  4.4  min 


(4) 


*99%  =  6.7  min 


(5) 
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